The potato pathogen Gibberella pulicaris (Fusarium sambucinum) is able to metabolize the potato saponin K-chaconine by first removing the 1,2-bound L-rhamnose. The catalyzing enzyme, K-chaconinase, is inducible by the substrate and K-solanine and K-tomatine. The protein with a molecular mass of about 95 kDa was purified by fractionated ammonium sulfate precipitation followed by concanavalin A-Sepharose chromatography and chromatofocusing. The enzyme is active over a wide pH and temperature range and is highly substrate specific for K-chaconine with a K m value of 0.97 mM and V mx of 37.13 nkat. K-Solanine and K-tomatine are not converted by the enzyme. z
Introduction
Plants have developed many di¡erent morphological as well as chemical defense mechanisms to prevent the invasion of phytopathogenic fungi. Saponins have long been regarded as one possible component of the chemical defense reaction [1] , because they are often found at high concentrations in vacuoles of outer cell layers and because they are toxic to a wide range of fungi carrying sterols in their plasma membranes [2, 3] . The toxicity of saponins is mediated by the complex being formed by their aglycone residue with the 3L-OH group of membrane sterols, which leads to matrix formation of the sugar side chains of saponins resulting in membrane disruption and leakage of cell content [4] .
During infection by necrotrophic fungi saponins are released from the vacuoles of the destroyed cells and accumulate to high concentrations [5] . Since many phytopathogenic fungi are able to detoxify the saponin(s) of their host plants by hydrolytic cleavage of one or more sugar residues leading to less toxic products, it has been speculated that metabolism of saponins might be an essential trait of a fungus to be pathogenic on a plant accumulating these compounds [1, 6] . This hypothesis was con¢rmed for the interaction of Gaeumannomyces graminis var. avenae with oat. The fungus detoxi¢es the host saponin, avenacin, by an enzyme, avenacinase, which removes two glucose residues from the sugar side chain [7] . Transformants of the fungus, where the wild-type copy of the avenacinase gene had been replaced by a non-functional copy, were no longer able to metabolize the saponin and were non-pathogenic on oat [8] . This example proves that saponins can be important plant resistance factors.
Potatoes also produce saponins, mainly K-chaconine and K-solanine, which are present in all tissues [5] . In tubers they are predominantly stored in the peel below the primary periderm and upon mechanical injury their concentration can increase markedly [5] . Gibberella pulicaris (anamorph Fusarium sambucinum), a causal agent of potato dry rot, is able to metabolize K-chaconine and K-solanine by ¢rst removing the 1,2-bound L-rhamnose [9] . The enzyme catalyzing this reaction seemed to be speci¢c for the hydrolysis of this bond because no removal of the 1,4-bound L-rhamnose of K-chaconine could be detected. In addition, the G. pulicaris strain R-7843 was able to metabolize K-chaconine but not K-solanine indicating that K-chaconinase is also not involved in removal of the 1,2-bound L-rhamnose of K-solanine [9] . This paper describes the puri¢cation and characterization of K-chaconinase of G. pulicaris.
Materials and methods

Strains and growth conditions
G. pulicaris strain R-6380 isolated from potato was obtained from A. Desjardins [10] . For long term storage and to produce spores the fungus was grown on V-8 juice agar. Liquid cultures were grown by inoculating spores from a 7-to 10-day-old agar plate culture in 100 ml Mantle medium containing 10 g sucrose [11] and incubation for 2 days at 28³C on a rotary shaker.
Induction experiments
Mycelium from a preculture described above was separated from the culture £uid by ¢ltration through Nylon gauze and washed once with 20 mM McIlvaine bu¡er, pH 5.0. Portions of 10 g mycelium were incubated in 100 ml of the same bu¡er supplemented with the di¡erent saponins on a rotary shaker at 28³C in the dark. Mycelium and bu¡er were separated by vacuum ¢ltration and freeze dried. The lyophilized bu¡er residue was resuspended in solubilization bu¡er (50 mM NaCl, 50 mM Tris/HCl, pH 5.7), centrifuged (15 min, 4³C, 12 000Ug), and dialyzed against water overnight. Following centrifugation as above the supernatant was freeze dried again and the residue was resuspended in 50 mM Tris/HCl bu¡er, pH 7.5 and used for enzyme assays.
The lyophilized mycelium was pulverized with mortar and pestle under liquid nitrogen, resuspended in water, and centrifuged as described above. The pellet was reextracted, centrifuged again, and the combined supernatants were concentrated with (NH R ) P SO R to a ¢nal concentration of 90%. After centrifugation the proteins were resuspended in water, dialyzed against water overnight, centrifuged as above and used for enzyme assays.
Enzyme puri¢cation
All puri¢cation steps were carried out at 4³C. Mycelium induced with 10 Wg ml 3I K-chaconine or Ktomatine for 20 h was extracted as described above. To the combined supernatants (NH R ) P SO R was added to 40% saturation. The suspension was stirred for 1 h and then centrifuged for 20 min at 15 000Ug. Ammonium sulfate was added to the supernatant solution to 80% saturation, stirred and centrifuged as above. The pellet was resuspended in distilled water and dialyzed against water overnight followed by 2 h equilibration in ConA bu¡er (50 mM NaOAc pH 5.0, 200 mM NaCl, 1 mM MnCl P , 1 mM ZnCl P ). The dialyzed solution was loaded onto a ConA-Sepharose column equilibrated in the same bu¡er. Unbound proteins were removed by washing the column with 10 gel bed volumes followed by 10 gel bed volumes of elution bu¡er (0.5 M methyl-K-Dmannopyranosid in ConA bu¡er). The eluate was dialyzed against water overnight followed by equilibration in 20 mM BIS-TRIS bu¡er (Sigma), pH 6.0, for 4 h, and loaded onto a Mono P 5/20 column (Pharmacia) equilibrated in the same bu¡er. The column was washed with this bu¡er at 1 ml min 3I until the absorbance at 280 nm reached the baseline proteins, and proteins were eluted with 10% (v/v) Poly bu¡er 74, pH 4.0. Fractions of 1 ml were collected and tested for K-chaconinase activity.
Protein concentration, separation on 10% polyacrylamide SDS gels (SDS-PAGE), and silver stain-ing were carried out according to standard procedures.
Enzyme assay
Quantitative analysis of enzyme activity was measured by using para-hydroxybenzoic-acid-hydrazide (HBH) for determination of reducing sugars. Standard assay mixtures containing 0.5 mM saponin with an adequate amount of enzyme in a total volume of 200 Wl of 200 mM McIlvaine bu¡er, pH 5.0 were incubated for 15 min at 30³C. The reaction was stopped by adding 1 ml 5% HBH in 0.5 M HCl mixed 1:10 with 0.5 M NaOH, boiled for 5 min and cooled on ice. After centrifugation the supernatant was analyzed spectrophotometrically at 410 nm. Enzyme activity is expressed in katal (kat = 1 Mol/s) per kg protein or ml solution. For calibration di¡er-ent concentrations of K-L-rhamnose were measured. For qualitative analysis of enzyme activity the saponins and their products present in the pellet were redissolved in 10 Wl CHCl Q :MeOH, 2:1 and analyzed by TLC as described previously [9] .
Characterization of K-chaconinase
The e¡ect of temperature and pH on enzyme activity was measured in the standard assay at 20, 30, 40, 50, 55, 60, and 65³C and in McIlvaine bu¡er adjusted to pH 2.5 to 7.0 with 0.5 increments, respectively, followed by quantitative and qualitative analysis as described above. Enzyme kinetics were measured by incubating a constant amount of K-chaconinase from the Mono P column with 0, 0.03, 0.06, 0.09, 0.12, 0.15, 0.18, 0.23, 0.29, 0.35, 0.41, 0.47, and 0.53 mM K-chaconine in a standard enzyme assay. To determine the K m and V mx values the experimental data from two experiments were plotted in a Lineweaver-Burk diagram. To measure enzyme speci¢city the di¡erent substrates were incubated in a standard enzyme assay at a concentration of 0.5 mM. Enzyme activity was determined by TLC analysis of saponin assay extracts as described above. Assays with para-nitrophenyl-L-D-xylopyranoside (pNPX), and para-nitrophenyl-L-D-glucopyranoside (pNPG) as substrate were analyzed spectrophotometrically at 410 nm after addition of 1.5 vol of 4% Na P CO Q solution.
Results and discussion
Previous experiments had shown that growth medium of G. pulicaris strain R-6380 contained traces of K-chaconinase activity [9] . To elucidate, if the enzyme is inducible above this basic level, mycelium was incubated with 5, 10, and 20 Wg ml 3I of K-chaconine in MacIlvaine bu¡er for 24 h leading to a speci¢c activity of 93, 90, and 112 mkat kg 3I protein in mycelial extracts and 50, 115, and 267 mkat kg 3I protein in crude extracts of the culture ¢ltrate. These data indicate that increasing concentrations of saponin result in higher amounts of enzyme in the culture ¢ltrate, but more or less constant levels in mycelium. Incubations for 12, 24, and 48 h resulted in comparable enzyme activities after the ¢rst two time intervals and no activity after 48 h indicating that the enzyme is induced transiently. Since the Kchaconinase activity of around 0.4 Wkat ml 3I in mycelial extract was about ten times higher than the activity measured in the extract of culture ¢ltrate, mycelium incubated with 10 Wg ml 3I substrate for 20 h was used as starting material for protein puri¢cation.
Since G. pulicaris also metabolizes K-solanine and K-tomatine [9,12] a possible induction of K-chaconinase by these saponins was tested. After incubation with 10 Wg ml 3I of both compounds and K-chaconine for 20 h crude protein extracts of the three mycelia were prepared and analyzed for K-chaconinase, tomatinase and solaninase activity. No solaninase activity was detectable in any of the extracts even after 24 h enzyme assays. Signi¢cant tomatinase activity (52 Wkat ml 3I ) was only measurable in extracts of K-tomatine induced mycelium, if the enzyme assay was incubated for 2 h with K-tomatine. All three protein extracts incubated for 10 min with K-chaconine showed enzyme activities of around 0.6 mkat ml 3I after K-solanine and K-chaconine induction and 1.1 mkat ml 3I after K-tomatine induction (Fig. 1) . TLC analysis of the enzymatic tests con¢rmed that the only product of K-chaconine was L2-chaconine and that K-tomatine was only converted to the aglycone tomatidin (data not shown). These results indicate that K-chaconinase is induced by all three saponins with K-tomatine being the best inducer, while tomatinase seems to be induced only by its substrate.
K-Chaconinase was puri¢ed from lyophilized mycelium induced by K-chaconine or K-tomatine for 20 h by ¢rst precipitating the proteins from the crude mycelial extract with ammonium sulfate at a ¢nal concentration of 40^80%. This treatment led to a 50% reduction in total protein content with about 70% of the K-chaconinase still detectable. The precipitated proteins were applied to a ConA-Sepharose column to which the K-chaconinase was almost completely bound. This puri¢cation step removed more than 90% of the proteins but only about 30% of the enzymatic activity resulting in a 7^10-fold increase in speci¢c activity of K-chaconinase. In addition, the binding of the enzyme to ConA-Sepharose indicated that K-chaconinase is a glycoprotein, which is typical for secreted proteins and was also described for the tomatinases of Fusarium oxysporum f.sp. lycopersici and Botrytis cinerea [13, 14] .
The remaining proteins were removed by chromatofocusing on a Mono P column using a pH gradient between 6.0 and 4.0. The K-chaconinase eluted in three fractions around pH 5.0 indicating that the isoelectric point (pI) of the enzyme is at this pH. The elution of only one protein with K-chaconinase activity from the chromatofocusing column at pH 5.0 suggests that this enzyme exists in just one isoform with a pI of 5.0 in contrast to the tomatinase of F. oxysporum f. sp. lycopersici, which exists in ¢ve isoforms [13] Using chromatofocusing the K-chaconinase activity could be separated from the tomatinase activity present in extracts of mycelium induced with K-tomatine, because the tomatinase eluted from the Mono P column at pH 4.6. The separation of both enzymes on the Mono P column proved that K-tomatine and K-chaconine are converted by two di¡er-ent enzymes.
To make sure that the 95 kDa protein eluting at pH 5.0 from the Mono P column represents the Kchaconinase ( Fig. 2A) the chromatofocusing fractions containing the protein were separated on a native PAGE gel. The gel was divided into two halves and both were cut into 2 mm slices from top to bottom. After elution of the slices of one half with water at 4³C overnight, the extracted protein was lyophilized and separated on a SDS-PAGE gel (Fig. 2A) . The proteins of the slices of the other Fig. 1 . K-Chaconinase activity in crude protein extracts of mycelium induced with K-tomatine, K-solanine and K-chaconine for 20 h. Enzyme assays were carried out twice with protein precipitated with ammonium sulfate at a ¢nal concentration of 90%. Error bars represent standard deviations. Fig. 2 . TLC (A) and SDS-PAGE analysis (B) of extracts of slices cut from a native PAGE gel, which had been loaded with the Kchaconinase containing fraction of the Mono P column (P). The native PAGE gel was divided into two halves and both were cut into 2 mm slices from top to bottom. After elution of the slices of one half with water at 4³C overnight, the extracted protein was lyophilized and separated on a SDS-PAGE gel (B). The proteins of the slices of the other half were eluted with MacIlvaine bu¡er and analyzed for K-chaconinase activity by incubating the eluate with the substrate for 30 min followed by TLC analysis of the ethyl acetate extracts of the reaction mixtures (A).
half were eluted with MacIlvaine bu¡er and analyzed for K-chaconinase activity by incubating the eluate with the substrate for 30 min. TLC analysis of this enzyme assay demonstrated that the fractions with the 95 kDa protein contained the K-chaconinase activity (Fig. 2B ). This molecular mass is comparable to the 110 kDa of avenacinase of G. graminis [7] , avenacosidase of Septoria avenae [15] and tomatinase of S. lycopersici [16] , but larger than the tomatinases of F. oxysporum [13] and B. cinerea [14] with 50 and 70 kDa, respectively.
The protein of the chromatofocusing fraction was used to measure several characteristic parameters of the K-chaconinase. The enzyme had a temperature optimum at about 55³C with a linear decline to 40% activity at 20³C and a broad pH optimum between pH 4.0 and 6.5. While the temperature optima of other saponinases are quite di¡erent the acidic pH optimum together with the acidic pI is very common for all saponinases isolated from fungi so far [7] , [131 6] .
To determine the kinetic data of the K-chaconinase the enzyme was incubated with increasing amounts of substrate and the measured activities were plotted in a Lineweaver-Burk diagram. The calculated K m value of 0.97 mM (V mx 37.17 nkat) is well within the range of K m values reported for other saponinases ranging from 62 WM for tomatinase of S. lycopersici [16] to 2.88 mM for the tomatinase of B. cinerea [14] . However, comparison of these kinetic data is problematic, because they were measured at di¡erent incubation temperatures.
With the exception of avenacosidase of S. avenae [15] saponinases from other fungi have been found to be very substrate speci¢c [17] . To determine the speci¢city of K-chaconinase, the enzyme was incubated with the arti¢cial substrates pNPG and pNPX, the saponins K-solanine, K-tomatine, and 26-desglucoavenacoside (DGA) A and B. Photometric as well as TLC analyses revealed that none of the compounds was converted to a product by K-chaconinase in the regular 15 min enzyme assay. Only extended incubation periods of the enzyme assay for 24 h led to a partial removal of the K-L-rhamnose of DGA A and B as well as to the production of small amounts of tomatidin from K-tomatine (data not shown). It remains to be determined if these reactions were catalyzed by minor side activities of Kchaconinase or by traces of other proteins still present in the Mono P fractions. In any case, the K-chaconinase is highly speci¢c for K-chaconine, as has been found for avenacinase of G. graminis [17] and tomatinase of S. lycopersici [16] .
The high substrate speci¢city in combination with the induction by di¡erent saponins certainly represents the most interesting features of the K-chaconinase of G. pulicaris. Induction of this enzyme by structurally di¡erent saponins, which are not substrates, is unique. So far only tomatinase of B. cinerea is induced by other saponins, but these are either metabolites of tomatine or a substrate for the enzyme [14] . Considering the structural di¡erence between the sugar side chains and the aglycone of Kchaconine and K-tomatine the question arises what structural feature of these saponins is responsible for induction of the K-chaconinase and why is tomatinase on the other hand only induced by its own substrate? A possible explanation could be that G. pulicaris is a pathogen of potato, which produces Kchaconine and K-solanine. It has been shown by several investigations that only K-chaconine is toxic by itself while K-solanine is toxic only in combination with K-chaconine [4, 18, 19] . This means that the ability of a potato pathogen to detoxify K-chaconine would be su¤cient to overcome the saponin based defense barrier of the host, which would also explain that the fungus does not have an inducible solaninase. Tomatinase on the other hand is of minor importance for the fungus as a pathogenicity trait, because G. pulicaris is no pathogen of a plant producing this saponin. Therefore, the fungus possibly uses K-tomatine as a food source the presence of which is leading to induction of a speci¢c enzyme involved in degradation of the substrate [12] . We are currently trying to clone the K-chaconinase and tomatinase gene in order to study their regulation in more detail and to determine the importance of Kchaconinase for virulence of G. pulicaris on potato tubers.
